Carbon standing stock distribution in the cuphotic zone of Lake Kinneret and the immediate fate of primary-produced carbon arc very different during late winter-early spring (with the occurrence of the annual dinollagellate bloom) than they are in late summer (when nanophytoplankton are the dominant primary producers). We used a linear programming model to construct balanced carbon flow charts for these two seasons based on measured primary productivity; on carbon standing stocks of algae, bacteria, flagellates, ciliates, cladocerans, rotifers, and fish; and on data on turnover times, respiration, and grazing rates obtained in 1989. The charts were compiled to fit as closely as possible all obscrvcd and inferred estimates of carbon fluxes while simultaneously ensuring that mass balance and key biological constraints were maintained for each of the 10 compartments representing the principal biota of the Kinneret food web. We used the model to examine the extent to which individual intercompartmental flux rates were free to vary while the mass-balance and biological constraints were enforced. The model was also capable of generating different yet feasible flow-chart scenarios; it thus proved useful in suggesting alternative hypotheses concerning the role of the microbial food web in the euphotic waters of Lake Kinneret.
A major aim of both theoretical and applied aquatic research has long been to understand the patterns of flow of carbon and other elcments through the pelagic biota in lakes and seas. Within the last decade it has become increasingly evident that the complex communities of microbial organisms in the pelagic zone in both marine and freshwater environments play a key role in processing and transferring carbon, nitrogen, and phosphorus from primary producers to metazoan plankton and fish (Pomeroy 1974; Azam et al. 1983; Berman 1990) . Much debate has been generated concerning the function of microbial food webs as Acknowledgments WC are indebted to B. Azoulai, K. D. Hambright, M. Gophen, G. Nahum, 0. Hadas, U. Pollinghcr, Y. 2. Yacobi, and T. Zohary for data, discussion, and dissent. We are grateful for the comments of two rcvicwcrs that enabled us to improve and revise the original version of the paper.
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A contribution of Israel Oceanographic and Limnological Research. net sinks or sources in aquatic systems (Ducklow et al. 1986; Sherr et al. 1987) because the extent to which carbon fixed in microbial biomass passes to other trophic levels rarely has been quantified. Nevertheless, there is some evidence that protozoans may be important food sources for mctazoan zooplankton (Gifford 199 1; Stoecker and McDowell Capuzzo 1990) and recently Carrick et al. (199 1) suggested that in Lake Michigan protozoan assemblages ranging in size from 3 to 20 pm were equally as important as phytoplankton for zooplankton nutrition.
These investigators calculated that -15% of the bacterial production was passed to macrozooplankton by a simple two-step coupling.
Using the well-known mathematical technique of linear programming, we have devcloped a computerized model which takes into account the activities of the microbial biota and helps quantify carbon flux through major groups of organisms in aquatic ecosystems. The model is designed to generate flow charts with compartments that satisfy mass-balance laws and basic biological' constraints. It also provides reasonable estimates for poorly quantified flows. Furthermore, the model can be used to produce quite different food-web charts, each 1680 of which can offer a plausible solution within the obscrvcd and estimated measurements of the system. This ability to generate alternative solutions allows us to examine alternative hypotheses concerning a particular food-web structure.
As an initial exercise, we have tested the model by applying it to the quantification of carbon flux through major groups of organisms in the euphotic zone of Lake Kinneret (Israel). The extensive monitoring and research program that has been carried out on the lake since 1969 enabled us to obtain experimentally determined data for many of the relevant parameters, including measured values of standing stocks of phytoplankton, zooplankton (cladocera, copepods, and rotifers), bacteria, protozoans (flagellates, ciliates), and fish. Data for phytoplankton and bacterial carbon uptake, respiration, release or excretion of particulate or dissolved organic carbon (POC and DOC), and turnover rates of the various biotic compartments were either measured or taken from the literature. We used these data and known biological constraints as inputs to the model to construct plausible flow charts depicting a simplified food web in the cuphotic zone of the lake at two different seasons. Our results indicate that this technique may have considerable potential for the study and delineation of carbon flows in aquatic systems.
Methods
Model structure-In a previous study, Scrruya ct al. (1980) attempted to quantify the carbon flows in the pelagic waters of Lake Kinneret, taking as their example a year (1972) with high standing stocks of the annual bloomforming dinoflagellate, Peridinium, and a year ( 1975) with relatively low algal biomass. Although some of the main assumptions of that study remain valid, others must bc revised in light of new knowledge. A major amendment has been made in the present model by including the components of the microbial food web (Azam et al. 1983) , thus emphasizing the potential role of bacteria and protozoans as modulators of pelagic carbon flux.
We have applied our model to depict two seasons in the euphotic zone (depth, -20 m) of the lake representing different limnological states (Scrruya et al. 1980; Berman et al. 1992) that recur from year to year (Serruya 1978): late winter-early spring (March-April 1989), the peak of the annual dinoflagellate bloom; and late summer (August-Septcmbcr 1989) , characterized by minimal levels of algal biomass consisting mainly of nanoplanktonic chlorophytes. Our analysis examined the lake for the year 1989 because standing stock data for bacterial and protozoan compartments were unavailable for preceding years.
The outline of the model, given in Fig. 1 , shows the major carbon pathways between a set of 10 "compartments" chosen as representative for the Kinneret ecosystem. No attempt has been made to depict intracompartmcntal flows other than "cannibalism,"
which we deiine as predation whether between or within species pooled in the same compartment. The components of the model are described below.
Two phytoplankton compartments, one consisting of Pyrrophyta (mainly Peridinium gatunense), a large thecate dinoflagellate that contributes 80-95% of the total algal C during the bloom season, and one consisting of other algae, here termed "nonpyrrophytes" (mostly nanoplanktonic chlorophytes accompanied by some diatoms and blue-greens, Berman et al. 1992) . This second category also includes the picophytoplankton (mainly picocyanobacteria, Malinsky-Rushansky and Berman 199 1). Previous studies have indicated that most of the dinoflagellate cells in the lake are degraded in the water column or on the sediment surface (Hertzig et al. 198 1) and that essentially none of their carbon content is directly transferred to metazoan grazers (Serruya et al. 1980) . In contrast, all other phytoplankton are assumed to be grazed by herbivorous metazoan zooplankton. We are aware that some of the pica-and nanophytoplankton may be grazed by ciliates (Sherr et al. 1991) but have not included this pathway in the present modCl.
Three zooplankton compartments (cladocerans, copepods, and rot$ers) comprising the major metazooplankton groups found in the lake (Gophen 1978a and we have included an intracompartmental predation loop for this compartment. Note that nauplii and copepodite stages, which are partly herbivorous, are not shown separately in the model. Thus, some of the carbon flux that appears in the model as passing from phytoplankton to cladocerans should in fact be attributed to algal grazing by juvenile copepod forms.
Rotifers generally comprise a low proportion (< 10%) of the zooplankton biomass in the lake, but in March-April 1989 there were exceptionally high numbers of these organisms (M. Gophen pers. comm.).
Three microbial food-web compartments (bacteria, heterotrophic nonpigmented jlagellates, and ciliates). WC have assumed that bacterial C is either respired or consumed by bacterivores with no direct release of DOC. Mixotrophic flagellates, which can sometimes be numerous but were not observed in high numbers during the two periods examined (N. Paran pers. comm.), were not included in the model. A cannibalism loop appears in the ciliate compartment to account for intcrspecics predation.
Ajsh compartment. There are some 20 different fish species (Ben-Tuvia 1978) A single detrital carbon compartment reprcscnting both POC and DOC (similar in form to the model of Vadstein ct al. 1989) . Her-c the POC represents only particulate organic matter that is either solubilizcd directly to DOC, for example through the action of extracellular hydrolytic enzymes, or sediments out of the euphotic zone. Note that this does not include particulate organic matter which is directly used by detritivores. Thus, for example, detritus dcriving from nonpyrrophytes which is grazed by cladocerans is included in the flux from nonpyrrophytes to cladocerans. Organic detritus may also be an important source of nutrition for organisms such as metazoan zooplankton and larval fish (Riemann and Sondergaard 1986) . In Lake Kinneret, organic detritus consists largely of aggregates deriving from algal particles colonized by bacteria and protozoans. Much of the use of detritus may in fact also include consumption of attached and associated microorganisms belonging to the microbial food-web compartments of the model.
We are well aware that this model contains simplistic assumptions about the homogeneous nature of the biotic compartments. Thus, all copepods are considcrcd carnivorous and no attempt has been made to differcntiatc betwccn diITcrent species or lift stages of fish, although these certainly have very different fccding patterns and probably very different carbon turnover times. Our purpose here was the depiction of a general scheme that would include the major categories of pelagic biota rather than a detailed model of ccosystcm subcomponents.
Model design and framework-We used a mathematical model to estimate the daily carbon flux passing through and bctwcen the 10 compartments for each of the two seasons. The average of measured or estimated biomass and flux values for the two periods, March-April and August-September 1989, is used to form a template chart on which the model imposes the basic constraint of mass balance. In this respect, each season can be considcrcd to exist at quasi-equilibrium and its llow chart is designed to represent a "typical day" of the season or, more precisely, the seasonal daily average. In doing so, WC assume that the biomass of every biotic compartment remains constant during the typical day. One could view the charts as a kind of snapshot of the lake with the camera shutter opening set for one season.
Although the assumption of a seasonal steady state is to some extent limiting, it is certainly far less restrictive than modeling the lake systcm as though it were in equilibrium over the cntirc year. As will bc demonstrated, a comparison of two seasonal states reveals important details that would never be brought out by considering Lake Kinneret as if it wcrc an "annual average" system. We also extend the analysis further in order to examine the effects of variability within a given season.
The mathematical model cnsurcs that all compartments obey simple mass-balance constraints, i.e. the sum of the fluxes cntcring any particular compartment must balance the sum of all exiting fluxes. This sum of fluxes is known as the compartment's throughflow or, cquivalently, its demand. Although it is certainly possible to construct balanced llow charts for each season manually (i.e. with pen and paper), experience shows that even for a system with only 10 compartments the task becomes extraordinarily laborious. Tcchniqucs for constructing flow charts with the aid of mathematical modeling have been described in the literature (Ducklow et al. 1989; Kleppcr and Van DC Kamer 1987; Vezina and Platt 1988) and these form the basis for our study.
Similar to the inverse methods outlined by Vezina and Platt (1988) , our model combines data of biomass and carbon uptake and release, as well as measured or assumed assimilation efficiencies and respiration rates of particular compartments to build a feasible chart. However, rather than make use of the singular value-decomposition method of Vezina and Platt, the flow chart is balanced by USC of linear programming techniques. These two mcthodologies have much in common, the latter having developed into a well-established branch of mathematics specifically intended to solve the problem discussed hcrc.
A key fcaturc of the model is that it takes into account that in nature all biological fluxes fluctuate in time and space. Thus, different plausible charts for a single food web need not represent fluxes as fixed constants but may show them to differ from their estimated values by an amount that lies within bounds set by measurement and estimation errors and variations expected from natural cnvironmental and ecological variability.
The computer program can be run to yield a set of flow charts representative for a given season, each chart differing in a manner that could reflect natural variability.
This set of charts is taken to represent realistic states or configurations in which the ecosystem may reside on a typical day for a particular season. It then becomes possible to explore the features of a range of model food webs. In this methodology it is necessary to assume that the charts portraying the seasonal daily average (see Figs. 2 and 3) could in fact be representative of a particular single day. This seems to be a reasonable first approximation, but may in some cases fail if biomass and flows change significantly and nonlinearly over the season.
As it is currently set up, the model reads in and accepts initial flux rate observations in two distinct formats: either as direct flux-rate observations (mg C me2 d-l) or as percentage throughflows. Flux rates based either on observational or experimental measurements or on values taken from the literature are entered into the computer as default values to form an initial but unbalanced flow chart. Additionally, the computer program requires approximate error ranges to be set for each flux. We found the second category, percentage throughflow, useful in the Kinneret model when we attempted to deal with respiration losses that were estimated as a fixed percentage of the total carbon demand ofeach compartment.
To our knowledge, except for the work of Vezina and Platt (1988), flux models accept data either as perccntagc throughflows (e.g. Fasham 1985; Newell and Linley 1984) or as direct flow estimates (c.g. Klepper and Van De Kamer 1987) but not both simultaneously. In some studies, flow charts appear to have been constructed from ad hoc considerations (e.g. Suttle ct al. 1990; Vadstein et al. 1989; Weisse ct al. 1990) . Although techniques based exclusively on percentage throughflows certainly have value for theoretical studies (Fasham 1985) , these techniques have limitations for workers interested in applied ecosystem modeling where many observations are in the form of direct flow measurements. Difficulties often arise when one attempts to transform these direct flow measurements to percentage throughflows while simultaneously keeping the entire flow chart in balance when it is subject to a given set of complicated constraints on parameter ranges. In fact, the problem of balancing a chart becomes extremely difficult when both forms of observations arc allowed for; spreadsheet approaches generally prove inadequate in these situations. Fortunately, linear programming grew out of the need to solve such problems.
The above description of Lake Kinneret yielded 45 flows that either interconnected the 10 core compartments or were lost from the system in the form of respiration or exports. In mathematical terms, 10 equations were required to maintain mass balances for all compartments simultaneously.
These equations were required to conform to a basic set of biological constraints, namely each known flux variable was constrained to lie within specified maximal and minimal bounds as dictated by measurement error as well as by natural ecological variability.
For the Kinneret data set, we initially assumed that all measured or estimated flows were accurate to within + 10% of their postulated values and that this would be a reasonable (though possibly minimal) range that might allow for natural variability over a typical day. Although not done here, an alternative procedure might use sample variances of the field measurements for determining error ranges. However, estimates of variances are not often easily obtainable for flux rates that are inferred from turnover times, efficiencies, etc. For either method, two inequalities can be deiined for each flux (i.e. a total of 90 inequalities). The problem may then be recast in terms of a standard linear programming formulation that requires satisfying 10 equations subject to 90 constraints.
Once all fluxes are read in, the computer program produces a balanced flow chart. However, since many such balanced charts exist, the program can be set to search for the chart that is "closest" to the original set of estimates, using techniques similar to those of Klepper and Van De Kamcr (1987) . Here the closest chart means that balanced chart whose sum of deviations from the initially given estimated values is minimal. For the purposes of attempting to find a solution that is closest to the initial input data set, this approach has the potential to yield more realistic solutions than other techniques which, for example, minimize the total sum of flows (Vezina and Platt 1988).
Axsb (5) where x is a vector of the n flows -xii, and n a (2n + m)-x-n matrix and b a vector of dimension (2n + m) with components pij, qij, and zeroes.
The computer's user-friendly interface easily allows changes to be made to any flux rates for which the initial values have been only crudely estimated. Such changes may have effects that reverberate throughout the system and are readily observed on the output of the new chart.
Model theory-Here we outline the technical details of the linear programming methodology. The less mathematically inclined reader may skip this section without any loss of continuity. A more complete description will be presented elsewhere. , Consider a food web with m compartments.
Let xij represent the rate ofcarbon flowing from compartment i to compartment j and assume that there is a total of n such flows. The cstimated or observed values of these flows will be notated as -)zij. The intervals within which x,] values are confined to lie are defined by the known (assumed) quantities pii and qu: po 5 xg 5 qu.
These constraints (Eq. 1) can be broken into 2n inequalities:
The above formulation is now well suited to a linear programming analysis. It is possible, for example, to dcterminc a balanced flow chart that satisfies all the constraints given by Eq. 5 and also minimizes S, the total sum of all flows xii in the food web (similar to Vezina and Platt 1988) . In the terminology of linear programming, we call S the objective function, and the problem can bc written as minimize S = z xij subject to the constraints A x I b.
The simplex routines of, for cxamplc, Press et al. (1987) can be used to compute the solution.
However in the work described here, rather than minimize the sum of flows we used a more complicated procedure that computed the balanced chart that was "closest" (according to some chosen norm) to the set of estimated values, Zi. Using the L, norm, we translate this to minimize T = C 1 X0 --;Cij 1 subject to A x I b. 
. (4) i
A whole range of balanced flow charts can be produced by slightly varying one or more of the estimates iij, but keeping them well within the accepted ranges given by Eq. 5. All the operator needs to do then is balance the chart while noting that the solution will differ whenever the estimates are varied. 
and -x,, 5 -cuu/100.
It is easy to see that after a simple subtraction which transforms the right-hand sides of the inequalities to zero, Eq. 6 and 7 conform exactly to the format of Eq. 5. A standard linear programming technique allows evaluation of the full possible range of values for a given how xij when the food web is constrained by Eq. 5. We explore this further below, but point out here that the extreme values of the range can be found by solving Data set for Lake Kinneret (I 989) -We now apply the model using the data input from Lake Kinneret averaged for March-April and August-September 1989. In Table 1 we list the carbon biomass (given as g C mF2) for the major biotic compartments in the photic zone averaged over each of the two seasons. Phytoplankton wet weight biomasses were determined by microscopy on samples taken weekly or biweekly (data provided by U. Pollingher). Carbon content was taken as 10% of wet weight, except for dinoflagellates, mainly P. gatunense, for which a value of 20% C had been detcrmined experimentally (Berman et al. 1992 ). The areal biomass of phytoplankton C (g C m-2) was calculated from a linear integration of 6-8 discrete depth determinations for the euphotic water column (15-20 m). Zooplankton abundances were based on unpublished averaged monthly data of M. Gophen. The biomasses we dcrivcd are, if anything, conservative and possibly underestimate the zooplankton standing stocks (M. Gophen pcrs. comm.), but are of sufficient accuracy for this modeling exercise.
Bacteria and protozoans were sampled every 2 weeks at six discrctc depths. Bacteria were counted by means of DAPI staining under epifluorescent microscopy (Porter and Fcig 1980) . To obtain carbon biomass, we used an averaged bacterial volume of 0.1 pm' and 0.22 pg C pm-3 (Bratbak 1985) , or -0.03 pg C (bacterial cell)-I. The flagellates and ciliates were also stained with DAPI and their biovolume determined with epifluorescent microscopy. Carbon content was estimated with a conver-sion value of 0.2 pg C pm3 (Borsheim and Bratbak 1987) . Fish biomass was based on values derived from acoustical surveys conducted by Walline et al. (1992) with C as 10% of wet weight (Vinogradov 1983) . Total DOC, as measured with a standard acid hydrolysis technique (Am. Public Health Assoc. 198 I), averaged 47 and 28 g C m-2 in March-April and August-September, respectively, but presumably only a small fraction of this pool was labile. No measurements of POC were available.
Carbon flows for each of the system compartments were estimated, where possible, on the basis of measured data in a manner similar to that of Newell and Linley (1984) . Table 1 gives the mean measured primary and bacterial production, daily gross carbon demand, and estimated proportions of the intake which are excreted or cgested. All flow rates were expressed as mg C m-2 d-l. Primary production was directly measured by Y. Z. Yacobi using [ 14C]bicarbonatc uptake (Berman and Pollingher 1974) and was partitioned bctwcen nonpyrrophytcs and pyrrophytes on the basis of experimentally determined, size-partitioned photosynthetic activities (Pollingher and Berman 1982) . The incorporation of [3H]thymidine (as modified by Wicks and Robarts 1987) was used to estimate bacterial production (cells mm3 d-l) with an empirically determined calibration factor for the lake. This value was then expressed in terms of mg C m-3 d-1 (see the conversion factor given above), and the total daily C demand was calculated by correcting for bacterial respiration losses of 30% (March-April) and 40% (August-September). We assumed no extracellular release of DOC by bacteria. The carbon demands for other compartments were estimated as the total biomass of each compartment divided by its turnover time. (The turnover times are dctermined from Table 1 as the reciprocal of the C demand : C biomass ratio in column 2.)
For zooplankton, gross daily C intake requirements and excretion plus egestion rates were based on experimental observations (Gophen 1976a (Gophen ,b, 19783, 1981a .
For the C requirements of protozoa, calculations were based either on protozoan generation times or on grazing rates on bacteria as measured by Hadas et al. (1990) . For fish, we set the daily C demand as 8% of body C weight in March-April when many larvae and small fingerlings arc present, and 3% in August-September when fish growth may bc limited by food sources (Landau et al. 1988 ). These values, especially for March-April, may be overestimated because a yearly demand : biomass (Q : B) ratio of 10.0 has been recently suggested for most Lake Kinneret fish (P. Walline pcrs. comm.) .
No experimental measurements of grazing or predation by metazoan zooplankters on protozoa in the lake are presently available, although such flows have been documented for other systems (Stoecker and McDowell Cappuzo 1990) . Initial values for these and other unknown flows (detrital C release by protozoa and fish), surmised on the basis of our biological intuition, were given wider error ranges (typically f 50%). Subsequently, slightly modified rates were "determined" by the model. Table 1 provides a summary of the initial input values used for carbon demands and detrital C release and their derivation.
Respiration levels were assumed to be similar for all compartments of the pelagic biota and were set at an average of 30 and 40% (+ 10%) of gross C uptake in March-April and August-September (the average lake epilimnic temperatures at these two seasons were -20 and 25°C). Although the implication that all biotic compartments show similar respiration losses is undoubtedly a simplification of the situation in nature, these assumed respiration values fit reasonably well to measurements that have been made for phytoplankton (Berman and Pollingher 1974) and bacteria (Berman et al. 1979 ). Thcsc respiration rates are somewhat higher than some experimental measurements with zooplankton (which ranged from 7 to 35%, Gophen 198 1 a, b) but lower than other estimates for zooplankton and fish respiration (Newell and Linley 1984) . Because respiration rates may vary considerably for different organisms at the same temperatures, it is difficult to pinpoint more accurate rates when dealing with heterogeneous compartments. In this respect, our assumptions are reasonable for the present modeling exercise.
For these flow charts, we posit that there are no significant external inputs of POC or DOC to the pelagic euphotic zone. Some detritus as POC derived from phytoplankton and fish reaches the hypolimnion or lake bottom and is removed from the system. Other organic Fig. 2 . Carbon flow chart for euphotic zone biota of Lake Kinneret, March-April 1989. All values given in mg C m 2 d-l. In each compartment, the upper number refers to gross uptake flux, the lower number to net carbon export rate (gross uptake minus respiration and excretion losses). Losses to the detrital C pool from phytoplankton include 5% extracellular release (Berman 1976 ) indicated in parentheses (legend as for Fig. 1). detritus is assumed to be solubilized within the water column or consumed by zooplankton or fish (see above). The remaining carbon losses from the system are due to respiration and removal by fishery. These assumptions are undoubtedly simplistic but are nevertheless realistic enough to permit the construction of first approximation models for the pelagic ccosystem in the lake.
Results and discussion Table 1 . A remarkable feature for March-April was the relatively high contribution of nonpyrrophyte algae to the total primary production (N 600 out of a total of 2,250 mg C me2 d-l) despite their low biomass. This characteristic was implied by the model of Serruya et al. (1980) , and measurements in the lake by Pollingher and Berman (1982) indicated that nanoplanktonic algae generally had much higher specific photosynthetic rates and a more rapid turnover of carbon (N 1.4 d) than the large dinoflagellates (-20.2 d). In contrast, in August-September 95% of the photosynthetic activity was carried out by nanoplanktonic algae. Bacterial sccondary productivity was 22 and 26% of primary production in March-April and AugustScptcmber-close to the average pcrccntage suggested by Cole et al. ( 1988) for a wide range of aquatic environments.
Of the metazoan zooplankters, cladocerans were especially active in terms of carbon flow in August-Sep-_I tcmbcr. Carbon uptake by the fish population was highest in March-April when there were large numbers of metabolically active fingcrlings. The sum of all carbon throughflows in the pelagic biota in August-Septcmbcr was only reduced by -10% in comparison to that of March-April, even though the carbon biomass of phytoplankton had dropped by 80% (Table  1) .
In March-April, -85% of all living C (total 39.9 g C me2) was sequestered in the Pyrrophyta biomass, followed by 7.6% in fish and 2.5% in bacteria. All other biotic compartments contained ~5% of the total C (Table 1) .
In August-Scptembcr, total living carbon standing stock had decreased to 7.8 g m-2. The phytoplankton still accounted for most of the carbon (-50%), with -28% and 22% sequestered in nonpyrrophytes and pyrrophytes. The next highest percentage of living carbon (-3 1%) was in fish biomass. At this season, the carbon pool of bacteria (8.6%) and cladocerans (4.6%) was relatively important. Total C standing stock in August-September was only -20% of that observed in March-April (Table 1) . During both seasons, most of the community respiration derived from the phytoplankton. In summer, cladocerans (16.8%) and bacteria (13.9%) were relatively important contributors to community respiration ( Table  2 ). The seasonal patterns of release of POC or DOC (Table 2) followed the changes in C demand, with cladocerans being prominent in rcleasc of detrital C during August-September (24.0%). In March-April, fish and cladocerans both contributed about the same percentage (7-S%) to detrital C release. The rates of POC sedimentation out of the euphotic zone as derived by the model from mass-balance considerations were within the range of POC fluxes determined experimentally with sediment traps (A. Nishri pers. comm.).
The model indicates that in March-April (August-September) only -5% (10%) of gross photosynthetic C fixation from the pyrrophytes was transferred directly to fish. In accordance with previous assumptions (Scrruya et al. 1980) , we have posited that no living pyrrophyte C was directly taken up by the hcrbivorous zooplankton. Most of the C photosynthetically fixed by the dinoflagellates was lost to respiration (30%) and to the detrital C pool (65%). A substantial portion of POC sedimcnting out of the euphotic zone in MarchApril consists of Peridinium theta (T. Zohary pers. comm.). At this time, the nanophytoplankton, although a relatively minor biomass fraction of the algae, supplied a disproportionate amount of carbon for fish, cladocerans, and rotifers (38, 67, and 48% of their requircments, respectively).
This finding supports other studies of the Kinneret system (Serruya et al. 1980; Drenncr et al. 1987) . About 60% of the C demand by herbivorous zooplankton was supplied by nanoplanktonic algae and -40% by organisms of the microbial food web in March-April.
From a net bacterial production of 350 mg C m-* d-i, -50% was passed either directly or via protozoa to the zooplankton, and the rest was lost as respiratory CO2 or recycled to the detrital C pool. Copepods were dependent on ciliates as a carbon source to a considerable extent (46%).
A major difference in flux pattern was observed in August-September when the hcrbivorous zooplankton (mainly Cladocera) derived almost 90% of their C from nanoplanktonic phytoplankton with only a minor part of their needs supplied by the microbial food web. Copcpods, however, still received a substantial portion of their carbon requirement (36%) from ciliates. In August-September, -45% of the bacterial production was transferred either directly or via protozoa to the zooplankton. The model suggests that -50% of the daily fish rcquircment was provided by metazoan zooplankton and ciliates, 34% by phytoplankton or algal detritus, and 10% from interspccics predation (cannibalism).
WC found that the role of cannibalism may bc quite important in food webs and consequently attempted to analyze its effects, even if crudely. For example, the ciliate compartment in the August-September period, according to calculations based on turnover considerations, required 200 mg C m-* d-i (as seen in Table 1 or Fig. 3 ). However, since part of this flux requirement actually included intracompartmental predation or cannibalism, the C input to the ciliate compartment was in fact 10% less, N 184 mg C m-* d-i (see Fig.   3 ). This type of effect is similar to that discussed by Strayer (1988) . His argument dealt only with the impact of intercompartmental recirculation, but it may also have meaning when examining intracompartmental recirculation. The phenomenon explains how the total C requirements of a compartment (200 mg C m-* d-i in the ciliate example) can sometimes exceed the sum of its inputs (184 mg C r-r-* d-l).
&jfY?cts of variability-One fcaturc of the model is the way in which it can cxplorc the effects of a hcterogcneous environment. In the natural world, biological lluxcs do not exist at fixed, unvarying values but fluctuate in time and space; we take advantage of linear programming theory to examine how changing flux rates might affect the food web. As discussed previously, our assumption here is that the seasonal daily average flow charts (Figs. 2  and 3 ) are to some extent representative of the lake ecosystem on a particular single day. We now explore fcaturcs of a range of model ecosystems similar in configuration to the charts portraying the seasonal daily averages. strained with zero system variability (as discussed above).
By a linear programming
technique (see model theory section), it is possible to calculate balanced external solutions that exist in this cnsemblc of model food webs (Chvatal 1983; Klepper and Van De Kamcr 1987) . We need to ask: What is the maximum or minimum of any single flux, say flux A, while all other fluxes arc allowed to fluctuate by some specified amount?
Any study of fixed flow charts that ignores the ramifications of natural variability could result in misleading conclusions. Zero system variability tightly constrains charts and does not portray the range of feasible solutions. Small amounts of flux variability that must be present in a fluctuating environment have the potential to produce large changes in individual flows. WC have examined this subject in more depth elscwhcre (Stone and Berman 1993) and have shown that the variability of fluxes could bc a major factor in influencing the dynamics of the microbial food web, with effects that are capable of resonating through the entire ecosystem.
To further examinc what we mean by this, WC first consider the cast in which all fluxes, except for A, arc held constant. In this situation there is zero "system variability," and the mass-balance conditions are highly constraining. In fact, the chart has a unique solution, and flux A can take on only a fixed constant value.
A further point of interest can bc found in the results shown in Table 3 . Column 2 gives the values of flows as estimated by the model for the Kinneret charts (Figs. 2 and 3) . For most fluxes, these values lie about midway bctwccn the minimum and maximum possible values (as given in columns 1 and 3). This result implies that the charts prescntcd here as characteristic for two seasons in Lake Kinneret do not represent extreme solutions but reasonably portray "average" configurations of the fluctuating model system.
Suppose WC now allow all fluxes except A to fluctuate by up to 10% of their estimated value (i.e. a system variability of 10%). Such an amount would reflect the minimal variability that might be cxpccted in a changing cnvironment. We then ask: What restrictions does this put on flux A, and what are the extremal (maximum or minimum) values which A may attain? In terms of the linear programming model, this question can bc answered by constructing an objective function that maximizes or minimizes flux A while clamping all other fluxes so that they do not change by > 10% from their initial estimated values.
Note that a number of the flows are zero in Table 3 and could thus in some casts portray unrealistic charts that do not make sense biologically (e.g. a chart in which fish do not eat copepods). However, because we interpret each chart as a possible state or configuration of the system over a season, an extrcmal chart would have meaning over a brief time scale. Such a chart would correspond to an extreme configuration and its chance and length of occurrence would presumably be very small. In "all likelihood the system would mostly fit close to the average charts given in Figs. 2 and 3 , but the ranges of fluctuation about the average might well be large. Our results for the Kinneret system, shown Alternativesummerflowchart-Although the in Table 3 , are surprising. Despite what might microbial food web is now a well-established be considered tight mass-balance constraints feature of aquatic food webs, considerable unenforced on the system, we found that even certainty remains about the extent to which C with an overall system variability as small as or other nutrients are passed from microorlo%, each of the flows can change considerably ganisms to metazoan zooplankton or to fish. (often by factors exceeding 100%) while still For example, from their model of food webs maintaining a balanced chart. This result is in in the Celtic Sea, Taylor and Joint (1990) consharp contrast to that found in flow charts concluded that bacteria were relatively unimpor- Table 3 . Permissible ranges for carbon fluxes (mg C m-2 d ') between compartments (fluxes to detrital C compartment omitted). These ranges were evaluated by constraining all fluxes, except for say flux X, to range between + 10% of the values listed in the solution flow charts (Figs. 2 and 3) . WC then computed the range of flux X. Detailed explanation given in text. Alternative carbon flow chart for euphotic zone biota of Lake Kinneret, August-September 1989, with minimal transfer of carbon from bacteria and ciliates to mctazoan zooplankters (legend as for Figs. 1 and 2 ). some 30%. Secondary production of bacteria is reduced by -20%. As a consequence, the estimated carbon turnover time for bacteria would increase from 1.4 to 1.8 d during the season when water temperatures are greatest and bacterial activity should be maximuma value that is still not unreasonable. Thus, Fig. 4 indicates a plausible food-web scenario in-which only 6% of the C requirement of zooplankton and fish is supplied by the microbial food web, contrasted with 16% in the original scheme (Fig. 3) . Also, only 10% (as opposed to 40%) of the C requirement of copepods is supplied by ciliates in this alternative chart.
Given the dearth of experimental data on the fluxes between the microbial food-web compartments and those of the zooplankton in Lake Kinneret, it is hard to judge which chart for August-September (Fig. 3 or 4 ) is more realistic. Except for the fluxes related to the microbial food web, Fig. 4 does not depart drastically from the original set of data input to the model; nevertheless, it leads to a conflicting conclusion with regard to the importance of the microbial food web in carbon flux during late summer. The fact that two plausible scenarios can be obtained with the model emphasizes the riced to obtain better input data and indicates where research focus and expcrimental measurements are critically required. In the present cast, fluxes between protozoans and zooplankton are not easily quantified with a high degree of accuracy, but it should be possible to determine which alternative betwcen, say, a flux of 10 or 50 mg C rnh2 d-l from bacteria to cladocerans is more realistic.
Conclusion
We have used a linear programming model to examinc the flows of carbon in Lake Kinneret over two distinctive seasons by exploiting comprchcnsive data collected in 1989. For our purposes, this steady state flow-chart approach seemed preferable to dynamical models based on time-dependent diffcrcntial cquations (Field et al. 1989 ). These latter methods arc best suited to small systems, and, although they have the potential to provide important qualitative insights, they are less capable of dealing with quantitative empirical obscrvations as in the scheme rcquircd here. The difficulties involved in performing what was at first felt to bc a straightforward task-balancing a flow chart-in the end proved to be an claboratc and challenging problem.
The present model may be of general use in examining patterns of carbon (or other nutrient) flux in aquatic systems. The balanced charts that are generated are an essential prerequisite for any serious study of more subtle system properties (e.g. indirect flux flows, recycling indices, sensitivity analyses) which WC hope to detail in future work.
Finally, a word of caution: As Riemann and Sondergaard (1986, p. 267) stated, Generalizing diagrams sometimes have a tendency to bc vicwcd in a very rigid and definitive manner as if they contain the whole and final story. This is never the cast, as a diagram presents a "frozen" picture of a complex series of dynamic events. Furthermore, such diagrams are always biased by present knowledge.
Flow charts such as those shown hcrc should not be regarded as definitive, ultimate statements of actual carbon fluxes in Lake Kinncret, but rather should be considcrcd as working hypotheses to be subjected to further testing and research. The correct application of such models should be the exploration of possible scenarios and the gaining of an overall perspective. By adjusting parameter values and constraints and examining the limitations positcd by alternative charts, "most reasonable" schemes may be achieved. These should point the way for further refinements in cxpcrimcntation and theory.
